ZnO typifies a class of materials that can be doped via native defects in only one way: either n type or p type. We explain this asymmetry in ZnO via a study of its intrinsic defect physics, including Zn O , Zn i , V O , O i , and V Zn and n-type impurity dopants, Al and F. We find that ZnO is n type at Zn-rich conditions. This is because ͑i͒ the Zn interstitial, Zn i , is a shallow donor, supplying electrons; ͑ii͒ its formation enthalpy is low for both Zn-rich and O-rich conditions, so this defect is abundant; and ͑iii͒ the native defects that could compensate the n-type doping effect of Zn i ͑interstitial O, O i , and Zn vacancy, V Zn ͒, have high formation enthalpies for Zn-rich conditions, so these ''electron killers'' are not abundant. We find that ZnO cannot be doped p type via native defects (O i , V Zn ) despite the fact that they are shallow ͑i.e., supplying holes at room temperature͒. This is because at both Zn-rich and O-rich conditions, the defects that could compensate p-type doping (V O , Zn i , Zn O ) have low formation enthalpies so these ''hole killers'' form readily. Furthermore, we identify electron-hole radiative recombination at the V O center as the source of the green luminescence. In contrast, a large structural relaxation of the same center upon double hole capture leads to slow electron-hole recombination ͑either radiative or nonradiative͒ responsible for the slow decay of photoconductivity.
I. INTRODUCTION
Most materials exhibit an asymmetry in their ability to be doped n type or p type. For example, ZnS is a good n-type conductor but cannot be made p type, 1 and CuGaSe 2 is a good p-type conductor, but cannot be made n type through intrinsic doping. 1 A paradigm system in this respect is ZnO, which can be doped n type via intrinsic [2] [3] [4] [5] [6] [7] [8] or extrinsic 9 dopants to the point of becoming a metallic conductor, whereas it cannot be made p type via intrinsic doping, although recent reports suggest that p doping is possible with nitrogen. 10, 11 The defect physics of ZnO is quite complex and to a large extent unknown. For example, we know experimentally that unintentionally doped ZnO is n type but whether the donor is zinc interstitial (Zn i ) or oxygen vacancy (V O ) is still controversial. ZnO has a 3.36-eV direct band gap 12 and a green luminescence at 2.4 eV. [12] [13] [14] [15] [16] Some have attributed both the subgap green luminescence, as well as the shallow dopants, to the oxygen vacancy, while others to other defects such as the F center. Adding to the controversy, positronannihilation experiments identified 17 the Zn vacancy as the dominant defect in ZnO, instead. Recently, very slow decay of photoconductivity in ZnO was also reported. 18 To date, theoretical studies of the defects in ZnO are scarce. Most of the analysis still relies on the phenomenological model originated by Kroger 2 in 1964 ͑see also Mackrodt et al. 19 ͒. Only recently, extrinsic doping of ZnO was studied 20 by firstprinciples calculation. However, a rather crude augmented spherical wave formalism was used in which the anisotropic covalent bonding is not accurately described.
In this paper we study the microscopic equilibrium mechanisms that explain the intrinsic doping asymmetry in ZnO. We consider both doping by native defects such as Zn i , V O , Zn O , V Zn , and O i as well as n doping via impurities Al and F. We find the following:
͑a͒ ZnO is n type at Zn-rich conditions. This is because ͑i͒ the zinc interstitial Zn i is a shallow level, supplying electrons; ͑ii͒ its formation enthalpy is low for both Zn-rich and O-rich conditions, so this defect is abundant; and ͑iii͒ native defects that could compensate the n-type doping effect of Zn i ͑O i or V Zn ͒ have high formation enthalpies at the Zn-rich conditions so these ''electron killers'' are rare.
͑b͒ ZnO cannot be doped p type via native defects (O i , V Zn ) despite the fact that they are shallow ͑i.e., supplying holes at room temperature͒. This is because at both Znrich and O-rich conditions, the defects that could compensate p-type doping (V O , Zn i , Zn O ) have low formation enthalpies, so these ''hole killers'' form readily.
͑c͒ By studying the oxygen vacancy V O , we identified the electron-hole radiative recombination at the V O center as the source of the green luminescence in ZnO. A large structural relaxation upon capture of two holes by the same center, on the other hand, gives rise to slow electron-hole recombination ͑either radiative or nonradiative͒ responsible for the observed slow decay of photoconductivity.
II. FORMATION ENTHALPIES AND TRANSITION ENERGIES
We imagine ZnO to be in equilibrium with a reservoir of Zn and O. The formation enthalpy of a structural defect ␣ of charge q is
where
Here, E (q,␣) ͑defectϩhost͒ is the total energy of a cell including the host material as well as defect ␣ in charge state q, and E͑host only͒ is the total energy of the cell containing just the host. E F is the Fermi energy and E V is the valence-band maximum ͑VBM͒ of the host crystal. n a is the number of atoms being removed during the defect formation from the host crystal to the atomic reservoir. where q and qЈ are two different charge states of the defect ␣, e.g., qϭ1 and qЈϭ0 for the ͑ϩ/0͒ donor transition, q ϭ0 and qЈϭϪ1 for the ͑0/Ϫ͒ acceptor transition. If E F ϽE(q/qЈ) then the defect is in its higher ͑i.e., more positive͒ charge state q, whereas if E F ϾE(q/qЈ) then the defect switches to the lower ͑less positive͒ charge state qЈ.
III. DETAILS OF THE CALCULATION
The electronic properties of wurtzite ZnO and its defects are calculated by the plane-wave pseudopotential totalenergy and force method 22 using the local density approximation 23 ͑LDA͒. We use the ab initio pseudopotentials by Troullier and Martins 24 and the Ceperley-Alder exchange correlation, 25 as parametrized by Perdew and Zunger. 26 The plane-wave basis-set cutoff energy is 60 Ry. We have tested the pseudopotentials with cutoff energies up to 100 Ry. The calculated band dispersions along ⌫-P, ⌫-N, and ⌫-H directions at 100-Ry cutoff are to within 0.1 eV of the all-electron linearized augmented plane-wave ͑LAPW͒ results, having a direct band gap of 0.8 eV. At the 60-Ry cutoff, however, the pseudopotential gap is reduced to 0.6 eV. The experimental value is 3.36 eV. 12 The large discrepancy is due to the LDA gap error. A symmetric 36-atom wurtzite supercell was constructed to model isolated point defect with four k points sampling in the irreducible Brillouin zone of the supercell. The supercell wurtzite lattice vectors are (213 1), (1 101), and (1231), respectively, in units of the primitive cell vectors with an included angle of 120°between a 1 and a 2 . For charged defects, a jellium background charge was used and the background error was cor-
, where L is the dimension of the supercell. 27 We relax all the atoms to their equilibrium positions by force minimization. For wurtzite ZnO this gives a ϭ3.25 Å, c/aϭ1.60, and uϭ0.375. The error bar for the LDA calculations of ⌬H is less than 0.1 eV. Table I lists the LDA defect formation enthalpies ⌬H LDA of Eq. ͑1͒, in terms of n a , q, and ⌬E LDA , for the oxygen vacancy (V O ), zinc interstitial (Zn i ), Zn-on-O antisite (Zn O ), zinc vacancy (V Zn ), and oxygen interstitial (O i ). As we noted in Sec. II, the defect formation enthalpies are functions of the Zn atomic chemical potential ( Zn ) and the Fermi energy (E F ). Table I gives the energies at Zn ϭ0 and E F ϭE V . Table II lists the corresponding LDA defect transition energies E(q/qЈ) of Eq. ͑4͒. Figure 1 shows as lines the defect formation enthalpies as a function of the Fermi energy at the zinc-and oxygen-rich limits, respectively. Defect transition energies are shown as solid dots. One observes the following in Fig. 1: ͑i͒ Most of the defects are shallow with transition energies either outside or near the LDA band edges E V ϭ0, E C ϭ0.6 eV. The only exception is the oxygen interstitial where the acceptor levels are at E V ϩ0.2 and E V ϩ1.0. The oxygen vacancy is a ''negative-U'' center: E(2ϩ/ϩ)ϾE(ϩ/0), thus under thermal equilibrium the ͑2ϩ/ϩ͒ and ͑ϩ/0͒ transitions are experimentally inaccessible.
IV. THE LDA RESULTS AND THE NEED FOR LDA CORRECTIONS
͑ii͒ There is clear asymmetry in the formation enthalpies for the donorlike and acceptorlike defects. Consider E F at LDA midgap. In the zinc-rich limit, the energies of the donors Zn i and V O are 4 to 6 eV lower than the acceptors V Zn and O i . In the oxygen-rich limit, the energy of the low-lying donors ͑Zn i and V O ͒ is comparable to that of the acceptors ͑V Zn and O i ͒.
Although total energies are ground-state properties and thus protected by the Hohenberg-Kohn theorem, the defect formation enthalpies ⌬H(E F ,) depend on the LDA band gap, since E V рE F рE C , where the LDA gap is E C ϪE V . This leads to LDA errors in our enthalpies: The limits on E F used in Fig. 1 are E V ϭ0 and the LDA E C ϭ0.6 eV, not the experimental value E C ϭ3.36 eV. The reason is that extrapolation of the ⌬H LDA value to E F ϭE C ϭ3.36 eV would yield too low acceptor energies. For example, the formation enthalpy of the zinc vacancy for E F ϭE C would be Ϫ0.8 eV at the zinc-rich or Ϫ3.9 eV at the oxygen-rich conditions. This would imply that ZnO could never be doped n type ͑since the Zn vacancy will act as electron killer͒, in sharp contradiction to experiments. [2] [3] [4] [5] [6] [7] [8] Moreover from Table II , the zinc interstitial ͑2ϩ/1ϩ͒ donor level would be E C Ϫ1.5 eV, also in contradiction to experiment that finds this level at E C Ϫ0.03 eV. 8 These results suggest that we need to systematically correct the LDA formation enthalpies due to the LDA band gap error. This is done in the Appendix. 23, 26, [28] [29] [30] [31] 
V. DOPING ASYMMETRY IN ZnO
The conditions for n-type doping via native defects are the following.
͑1͒ Donors ͑e.g., V O , Zn i , Zn O ͒ must have shallow levels, E(ϩ/0), E(2ϩ/ϩ), or E(2ϩ/0), with respect to the conduction-band minimum ͑CBM͒, so that they readily produce electrons.
͑2͒ Donors must have low formation enthalpy ⌬H even if E F is high in the gap, so that such donors become abundant.
͑3͒ Electron-killer centers ͑e.g., O i , V Zn ͒ must have high formation enthalpy even if E F is high in the gap, so that they do not form. TABLE II. Defect transition energies in eV. The donor levels are given with respect to the conduction-band minimum (E C ) while the acceptor levels are given with respect to the valence-band maximum (E V ). LDA donor levels with extrapolated band gap to the experimental value are given in parentheses. The conditions for p-type doping via native defects are the following.
͑a͒ Acceptors ͑e.g., O i ,V Zn ͒ must have shallow levels ͑0/Ϫ͒, ͑Ϫ/2Ϫ͒, or ͑0/2Ϫ͒ with respect to the VBM, so that they readily produce holes.
͑b͒ Acceptors must have low formation enthalpy ⌬H even if E F is low in the gap, so that such acceptors become abundant.
͑c͒ Hole-killer centers ͑e.g., V O , Zn i , Zn O ͒ must have high formation enthalpy even if E F is low in the gap, so that they do not form.
Conditions ͑2͒ and ͑3͒, as well as ͑b͒ and ͑c͒ depend on the chemical potential so they have to be examined separately for cation-rich and anion-rich conditions. Figure 2 shows the defect formation enthalpies ͑solid lines͒ and defect transition energies ͑solid dots͒ after LDA corrections. We will discuss them in light of the above conditions.
A. Conditions for intrinsic n-type behavior

͑1͒
We find V O , Zn i , and Zn O to be the negative-U defects with the ͑2ϩ/0͒ donor levels at E C Ϫ0.6, E C ϩ1.0, and E C ϩ1.3 eV, respectively. Any donor levels above E C will ionize spontaneously, transferring the electrons to defect levels near E C . The zinc interstitial is thus a shallow donor ͑regardless of the LDA corrections͒, in good agreement with the recent experimental results where a shallow donor level located at 30 meV below the CBM was attributed to the zinc interstitials. 8 We see from Fig. 2 We thus conclude that intrinsic n-type doping of ZnO is possible in Zn-rich conditions via Zn interstitials.
The explanation of ͑2͒ and ͑3͒ above is as follows: The low formation enthalpy of the oxygen vacancy is in part a result of the strong binding of the O 2 molecule. The low formation enthalpy of the zinc interstitial, on the other hand, results from the relatively large ionicity of ZnO. In Si or Ge, there is no difference in the formation enthalpy between interstitials since they are identical. As the ionicity increases, it becomes easier to form cation interstitials rather than anion interstitials, and this disparity increases with ionicity. For example, it costs 3.3 eV to form a neutral Zn i and 7.7 eV to form Se i ͓in Zn-rich ZnSe ͑Ref. 32͒. Even in the Se-rich condition, the formation enthalpy of Zn i (4.7 eV) is still smaller than Se i (5.4 eV). 32 In the extreme case of CuCl, it is very easy to form cation interstitials, as evidenced by the low formation enthalpy of cation interstitial-vacancy pair.
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B. n-type doping with Al and F
It is known that ZnO can be doped n-type by extrinsic dopants 9 such as Al on the Zn site or F on the O site. Our LDA calculations show that the single-particle energy levels at ⌫ are just below the CBM, i.e., E C Ϫ0.05 eV for Al Zn and E C Ϫ0.08 eV for F O . The ͑ϩ/0͒ transition levels for Al and F are, on the other hand, E C Ϫ0.12 eV and E C Ϫ0.08 eV, respectively. Thus, F O with a shallower donor level is a better n-type dopant than Al Zn , in qualitative agreement with experiment. 9 These ͑conduction-band-derived͒ donor levels remain relatively shallow upon gap corrections. The formation enthalpies of Al and F are Ϫ5.8 and Ϫ2.8 eV, respectively at the Zn-rich limit, provided that the chemical potentials of Al and F are at the respective elemental solid ͑gas͒ values.
C. Conditions for intrinsic p-type behavior
͑a͒ We find that E(Ϫ/2Ϫ)ϭE V ϩ0.0 eV for V Zn and E(0/Ϫ)ϭE V ϩ0.7 eV and E(Ϫ/2Ϫ)ϭE V ϩ1.7 eV for O i . The zinc vacancy is thus a shallow acceptor but not the oxygen interstitial.
͑b͒ We see in Fig. 2 that this is true only for O-rich, but not for Zn-rich conditions.
͑c͒ We see from Fig. 2 , that this condition does not hold both in the Zn-rich and O-rich conditions.
The ͑b͒ and ͑c͒ above have the same physical origin as ͑2͒ and ͑3͒ in Sec. V A.
We conclude that ZnO cannot be doped p type under thermal equilibrium because ͑i͒ at both Zn-rich and O-rich conditions, the formation enthalpies of the hole killers V O , Zn i , and Zn O are low; and ͑ii͒ in Zn-rich conditions, the holeproducing acceptors are difficult to form. Recently, it has been reported that N can be used as dopant to effectively dope ZnO p type. 10, 11 The success of these studies demonstrated the importance of the understanding of the hole-killer defects discussed here. In one case, 11 Ga 2 O 3 was intentionally used to reach the O-rich condition, thus suppressing the formation of oxygen vacancy and zinc interstitial. In the other case, 10 the dopant N is incorporated into ZnO as a nitrogen-hydrogen complex. Because (NϩH) as a whole, has valence six, identical to oxygen, a very high N level can thus be reached without the formation of hole-killer defects. Hydrogen atoms are subsequently driven out of the sample by control of the growth conditions. 10 In either case, formation of the hole-killer defects are purposely avoided by carefully avoiding thermal equilibrium between the active dopant and the intrinsic defects.
VI. ENERGY LEVEL OF OXYGEN VACANCY
In the LDA calculation, the neutral oxygen vacancy produces a level of a 1 -like symmetry with occupancy of two electrons, at the energy E C ϩ0.1 eV, i.e., inside the conduction band. Thus, in LDA the oxygen vacancy is a shallow donor. To determine if the oxygen vacancy continues to be shallow or it can become a deep donor after LDA correction, we calculated the position of the single-particle level of a neutral oxygen vacancy, (V O ), by several methods, as listed in Table III . The E1 and self-interaction correction ͑SIC͒ methods are discussed in the Appendix. The model GW method 34 is an approximate approach to obtain the quasiparticle excitation energies. In the LDA*, we calculate the level positions without the relativistic effect. 35 The relativistic effect lowers the CBM by 0.2 eV, thus reducing the band gap. We then extrapolate from the results to the experimental band gap to obtain (V O ). All the four methods in Table III indicate that the (V O ) level is deep. Physically, the a 1 -like gap-state of the oxygen vacancy is derived from the Zn 4s orbitals surrounding the vacancy. This is different from the t 2 -like nitrogen vacancy in GaN where the gap state is derived from the Ga 4p orbital. Since the atomic s energy is about 5 to 6 eV lower than the p energy in Zn and Ga, the nitrogen vacancy state is shallow, while the oxygen vacancy state is deep. A number of recent experiments have assigned [13] [14] [15] [16] the oxygen vacancy to the green luminescence seen in ZnO. The measured 2.4 eV emission energy appears to agree with the calculated (V O ) and E V separation of about 2.3 eV given by the GW and SIC models. Our result for V O is also consistent with results for the selenium vacancy in ZnSe, 36 where the single-particle defect level is estimated to be only 1.0 eV above the LDA CBM, or 1.8 eV below the experimental CBM. Thus, neutral anion vacancy levels in II-VI compounds are most likely deep. The situation is somewhat different for ionized vacancies. In particular, we find a large lattice distortion around the oxygen vacancy of the ͑2ϩ͒ charge state, resulting in energy lowering of 1.3 eV. An energy lowering of 1.6 eV upon similar distortion was found for selenium vacancy V Se 2ϩ in ZnSe, 36 and for the V As 3ϩ vacancy in GaAs. 37 This energy lowering makes the oxygen vacancy a ''negative-U'' center where the effective electron-electron Coulomb energy in the defect orbital is Uϵ⌬H(V 2ϩ )ϩ⌬H(V 0 )Ϫ2⌬H(V ϩ )ϭ Ϫ0.6 eV. The U for V O becomes more negative upon the LDA gap correction. In comparison, UϭϪ1.0 eV for V Se in ZnSe. 36 Recently, Studenikin, Golego, and Cocivera 18 reported a very slow decay ͑over a time interval of days͒ of the steadystate photoconductivity in ZnO ͑persistent photoconductivity or PPC͒. They attributed the PPC to hole-traps at the grain boundaries. PPC is common for defects in semiconductors such as for DX centers in Al x Ga 1Ϫx As. 38 Based on our results for oxygen vacancies, we suggest here an alternative explanation for the PPC in ZnO. A charge neutral V O can capture two holes due to its negative U. Upon capturing two holes, the V O undergoes a large lattice distortion without energy barrier. The holes thus become deeply trapped and localized. This reduces the direct recombination rate with photogenerated, delocalized electrons ͑responsible for conduction͒. The large lattice distortion and the deepness of the hole-trap level in the gap also prevent fast phonon-assistant nonradiative recombination, thus causing the PPC.
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APPENDIX: EMPIRICAL CORRECTIONS TO THE LDA DEFECT-FORMATION ENTHALPIES
To get the correct defect formation enthalpies, we need a different approach than the LDA that does not have the band-gap error. A similar problem occurs in III-V compounds, where despite smaller LDA gap errors, we found that the calculated pinning energy, pin (n) , which is the upper bound for E F in n-type doping, is consistently too small compared to experiments. 28 A general expression to correct the defect formation enthalpy is 28
where is a parameter that satisfies g ()ϭ g expt . Here, we test several semiempirical approaches that are known to alter the LDA band gaps and a self-interaction correction ͑SIC͒ 29 All of them have the effect to push down the valence band relative to the CBM. The approaches are as follows.
͑i͒ Use for the cutoff energy E1 in the plane-wave expansion, 28 i.e., ϭE1ϭ60, 50, and 48 Ry, respectively. The shortcoming, though, is that the parameter E1, while restricting the short-wavelength components in the basis set, has no direct physical meaning.
͑ii͒ Use for the coefficient of exchange-correlation energy functional, e.g., ϭ␣ϭ 2 3 , 0.7 and 0.74 in the X␣ method. 30 A larger ␣ here lowers the exchange-correlation energy. The difficulty here is, however, the strong dependence of the formation enthalpy of bulk ZnO on the parameter ␣. We have calculated the formation enthalpies of the oxygen and zinc vacancies at the oxygen-and zinc-rich conditions. We also calculated the zinc and oxygen interstitials at the oxygen-and zinc-rich conditions, respectively.
͑iii͒ Use for the p-d repulsion 31 in ZnO, i.e., 0 ϭ(d in the valence) and ϭ(d in the core) in Eq. ͑A1͒. The d band of Zn is too high due to the lack of the electron self-interaction energy in the LDA. 26 A too high d band repels unphysically the p band above, reducing the band gap. 31 Having the d band in the core instead increases the gap from 0.6 to 1.9 eV.
͑iv͒ Use instead the self-interaction correction ͑SIC͒.
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Electron self-interaction is an unphysical effect intrinsic to the Kohn-Sham equation. 23 Namely, in the original KohnSham formalism, each electron experiences an effective potential generated not only by other electrons and ions but also by itself. Recently, Vogel, Kruger, and Pollman 29 developed a SIC pseudoptential scheme. 29 They showed that the SIC pseudopotentials improve considerably the LDA singleparticle band gaps. While the SIC method is considered a more rigorous method than the LDA, 26 the total energy for charge-neutral systems is formulated in Ref. 29 using a firstorder perturbation scheme, and is not variational. As such, it cannot be extended unambiguously to charged defect calculations. To get total energy for charged defects, necessary for doping compensations, we use, instead, items ͑i͒-͑iii͒ above. Figure 3 shows the various corrections ␦E. There is some scatter of the data: typically 1.5 eV between the E1 and the X␣ methods with a few exceptions, e.g., 3.2 eV for V O 0 . The scattering between E1(X␣) and d in the core is somewhat larger. Both the X␣ and d in the core methods appear to drive down the energy of the positively charged donor states more than the E1 method does. Compare the E1 and the SIC methods for the charge-neutral defects, the differences in the defect formation enthalpies are 0.8 eV for V O 0 , Ϫ0.5 eV for Zn i 0 , and 2.2 eV for Zn O 0 , respectively. The relatively large magnitude of the scattering reflects the large LDA gap error, 2.7 eV, or 82% of the total gap of ZnO. There are, nevertheless, several general trends in Fig. 3 , irrespective of the uncertainties in the LDA corrections.
͑i͒ For donors ͓see Fig. 3͑a͔͒ , the following applies. ͑a͒ Corrections to the 2ϩ states are generally large and negative. They become smaller and sometimes change sign for qϭ1ϩ and 0 states. FIG. 3 . Calculated LDA corrections using the various methods discussed in the Appendix. ͑a͒ For donorlike defects, the histograms from left to right in each case correspond to charge states qϭϩ2, ϩ1 and 0, respectively. ͑b͒ For acceptorlike defects, the charge states from left to right are qϭ0, Ϫ1, Ϫ2, respectively.
͑b͒ As a result, corrections increase the separation between different charge states.
͑ii͒ For acceptors ͓see Fig. 3͑b͔͒ , the following applies. ͑a͒ Corrections are generally large and positive. ͑b͒ Corrections for different charge states are similar. ͑iii͒ Combining ͑i͒͑a͒ and ͑ii͒͑a͒ above, we see that LDA corrections for ZnO consistently increase the asymmetry in the formation enthalpies of the donorlike and acceptorlike defects in favor of the donorlike defects.
Of the three semiempirical methods, the E1 method has the smallest overall deviation from the SIC. Besides, the E1 method introduces only modest change in the formation enthalpy of bulk ZnO. Hence, we will use the E1 results ͑as tabulated in Table I and II along with the LDA results͒ for further discussions.
The corrections have the following effects: ͑a͒ For Zn i , Zn O , and V Zn , the positions of the defect levels relative to the band edges are unchanged after the correction, although the electron-electron correlation energy U for Zn i and Zn O defect orbitals become slightly negative by the order of 0.1 eV.
͑b͒ The oxygen interstitial has two deep acceptor levels in the LDA: Both moved deeper into the gap by about 0.6 eV after the correction.
͑c͒ The largest change occurs for V O . While both the direct and corrected LDA calculations predict a negative U, the actual ͑2ϩ/0͒ levels differ qualitatively. In the LDA, it is above the CBM, reflecting a too small LDA band gap. After the LDA correction, however, it is 0.6 eV below the CBM.
